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Surface Structure and Temperature Dependence of n—Hexane Skeletal

Rearrangement Reactionanatalyzed Over Platinum Single Crystal

Surfaces: Marked Structure Sensitivity of Arcmatization

A

By S. Mark Dav1s*v F Zaera and G.A. Scmorjai

Materlals and Molecular Research D1v1s1on, [awrence Berkeley Laboratory
‘ and
Department of Chemistry, University of California, Berkeley, CA 94720

. Abstract

# .The surface structure and temperature dependence of n—hexane skeletal
rearrangement was 1nvest1gated near atmospheric pressuré and at”520- 700K
over a series of five platinum single crystal surfaces with variable terrace,

‘step, and kink" structures. The atomic structure and surface’ com9031t10n

of the active catalyst was determined before and after reactions us1ng

low energy electron diffraction and Auger’ electron spectroscopy’. - ‘
Aranatlzatlon of. n-hexane to benzene displayed unique structure sen51t1v1ty
in which the rates and specificity for this important reforming reaction
were maximized on platinum surfaces with hexagonal (11l) terrace structure.
The rates of competing isomerization, C5—cycllzatlon, ‘and hydrogenolysis
reactions dlsplayed little dependence on surface structure, although
hydrogenolysis product distributions were influenced markedly by terrace

‘structure ., Platinum surfaces with. (100) terraces. favored internal C-C

bond scission, whereas surfaces with (111) tefrraces displayed hlgh
select1v1ty for terminal hydrogenolysis.

" skeletal rearrangement'was dominated by cyclic mechanisms involving

both 1,5~ and 1,6-ring closure. Marked variations in reaction selectivity
. with reaction conditions are related to a change of the most abundant

surface "intermediate that results from changes in the surface concentration.
of chemisorbed hydrogen. Catalyst deactivation resulted from the

formation of disordered carbonaceous deposits on the platinum surfaces
whose primary role was that of a non-selective 901son. o

*permanent Address: “Exxon Résearch and Development Laboratory
. P.O. Box 2226
Baton Rouge, IA 70821



1. INTRODUCTION

Skeletal rearrangement reactiohs;of n-hexane have been‘investigated
over many types of platinum catalysts-including powders (1-3), films
(4), Pt/Sioyp (5), Pt/Al,03 (6-8), supported alloys including PtCu(9),
PtPd(10,11), PtRe(12), PtsSn(13), and PtAu(14-16), and also over other
Group VIII metals such ‘as Ni and NiCu powders (17), Ir and IrAu films
(18), and supported Pd, PdAu, Rh, and RhCu catalysts (16,19) .
Dautzenberg and Platteeuw (7,8) and Ponec and coworkers (5) found no
significant structure sensitivity for n-hexane reactions catalyzed at
1-10 atm and 530-760K over Pt/SiOj and monofunctional Pt/Alj03 catalysts.
This conélusionbresulted fram studies of the isamerization and cy?iiiapiqp
rates as a function of the average platinum pértiéle size whiéﬁ'was}variéd[
between about 15 énd 80A . Anderson (4) and Sahtacessaria (2), bypfv
contrast, reported significant variations in cataiytic activitf for {‘ -
ultra thin films and Pt/SiO; catalysts where very small 10A crysﬁaliitéézii
appeared to be at least 3-5 times more active than larger platinuﬁ  o

particles for n-hexane isamerization (4) and/or hydogenolysis and C5-cycli;

zation (2,4). These changes in catalytic behavior with platinum dispersion
were interpreted in terms of the different "cyclic" (20-26) and “bbnd—shifﬁ"
(26-28) mechanisms that prevail on the Very small and larger platindﬁ__'

particles, respectively.

To obtain more detailed information about the structure sensitivities
of alkane skeletal rearrangement reactions, model catalytic studies have
been carried out in this laboratory using small area platinum single crystal
surfaces that possess well defined atomic structure and surface compositién

(29-34) . Studies by Gillespie (29) et.al of n-heptane aromatization and
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hydrogenolysis catalyzed near atmospheric pressure for example, revealed
that the rates and selectivities of these reactions are influenced strongly
by the presence of surface irregularities (atomic steps and kinks) on the
platlnum surfaces. Arcmatization activities and selectivities were marimized
on stepped and k1nked surfaces w1th hexagonal terraces of (1ll) orientation
that were wide enough (4-5 atoms) to accept chemisorbed reactants, 1nter—
mediates and products.‘ Hydrogenoly31s exhibited a different dependence
upon surface structure in which the flat (111) and highly stepped—kinked

| (25, 10 7) surfaces were most active for this undes1reab1e c-C bond '
breaking reaction.__For other reactions such as the bond shift h
1somerization of butanes and neopentane (31), high concentrations of

square (100) microfacets were essential for high catalytic act1v1ty

" Here we report studies of n-hexane skeletal‘rearrangement'reactions
catalyzed near atmospheric pressure and-at 500-~700K over a series of five
platinum single crystal surfaces with variable terrace, step,.and kink -
structures. The studies have confirmed that aromatization rates are
very sen81tive to surface structure, crystal faces with hexagonal terrace
structure lead to max1mum aranatlzation spec1f1c1ty. By contrast the
rates of the competing hydrogenoly51s, 1somerlzation, and Cb—cyclization
reactlons displayed little dependence on the atomic arrangement of the
platinum surface. Temperature and hydrogen pressure exerted a more
decisive 1nfluence 1n controlllng the rates and select1v1t1es of n—hexane

skeletal rearrangement. For certaln reactions such as aromatization and

bond—shift 1somerizatlon, 1t now appears certain that h1gh select1v1ty
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can be predictably tailored with appropriate choice of the reaction

conditions and the platinum atomic surface structure.

2 . EXPERIMENTAL

All of the exper1ments were carr1ed out in an ultrah1gh vacuum—h1gh
pressure apparatus descrxbed prev1ously (29—31) that is des1gned for
comblned surface analysis and cataly51s studles u31ng small area samples.
This system was equ1pped with four-grld electron opt1cs for low energy
electron dlffractlon ( LEED) and Auger electron spectroscopy (AES), an argon
ion gun for crystal cleanlng, a quadrupole mass spectraneter, and »

a retractable 1nternal 1solat10n cell whlch operates as a well m1xed'
m1crobatch reactor in the 10‘2—10 atm pressure range.‘ The reactlon cell
and external recirculation loop were connected to an 1solable Wallace &
Tiernan -gauge, a bellows pump for gas circulation,-and.a gas chromatograph
sampling valve. Hydrocarbon conversion was monitored with an HP.3880;gas

chromatograph calibrated with CHg/Nj mixtures.

Idealized atomic surface structures for the 31ngle crystal ;
samples used in this research are shownlln Flgure l Mlller 1ndeces,
average terrace w1dths, kink concentratlons, and mlcrofacet indeces
for these surfaces are summarlzed in Table 1. In the mlcrofacet notatlon, (35)
the terms ap(hkl) descrlbe the number b and type (hkl) of terrace, step,
and kink microfacets contalned in the un1t cell of the surface. All the
single crystal samples were prepared as thin (<0 5 mm) discs so that thev
polycrystalllne edges would contrlbute no more than 10—16% of the total |

platinum surface area (=1 am?) The total area was used in the

Yy

'R}
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calculation of all reactién rates. ﬁesearch purity n—hexane (Pﬁillips
>99 .99 mole %) and_ﬁydrogeh (LBLrMathesod, >99.998%) were used as
supplied aftef qutgéssing thg fofmer by repeatedrf}eeze pumping cycles at
~17 K. | | |

" The single'éfystais';efe spotwelded to a rotatablé manipulaéor
using a se;ies of piatinum; gold and'coppér supports (30) that enabléd
the Samﬁleé to be resistively heated to about 1400 K without signifiﬁant
heatihg of.ény‘othervpart of the reaction chamber. The samples were
repeatédly'mouhted and,remounted until heating was uniform and'the._
sample contacﬁ points were no hotter than the c;ystal‘itself (the contacts
represent only 1-2% of ;he ﬁotal¥Pt—area); Both:crystal féces were cleaned
. using repeated_éyclés_of'argonvin—spgttering, QXygéﬁ_pretreatment
and annealing at 1050—1350.K; Qnt@l'the surface struéture was well defined
by LEED, and surface impurities suchwasACa,'Si,bB; S, O and CﬂQere no
longér detectable by AES. Subéequéhtly, ;he fééction ¢éll‘was closed in
seconds and pressurized to_aboﬁt 1 atm with Hp to cool the sample and
supports below 330 K. vAfte;'abguttQ“e'minUte' the hydrogen was removed,
hydrocarbon vaporvandrhydrogen We;e‘reintroduceq to desired pressures,
circulation was cammenced and the crystal was heated to the reaction
temperature over a period of‘abou? one minute. The reacﬁion temperétﬁre was
_ continuously regulated to *2 K using a precision temperature controller
référenééd to a chroﬁel—alumel~thermdcouple'Spotwelded to an edge or face
of the Crystal. As discussed elsewhere (31); high levels of both accuraCy.

and precision in the temperature measurements from one crystal to another



were insured from measurements of the equilibrium isobutene_yields

produced in isobutane reaction studies using the'same'platinum crystals.

At the end of the reaction rate studies,vthe samples were cooled to
below 320 K, the reaction mixture was removed, the reaction cell was
opened, and Auger spectra were immediately recorded, all within a period of
about 10 minutes. Contamination of the surface by impurities such as

sulfur and chlorine was not observed,

Initial reaction rates were detefmined graphically fn@n_the sloées_

of product accumulation curves determined as a function of reaction time.
Initial rates and selectivities in repeat\experiments were reproducible .

to about *20% and 5%, respectively. Reproducibility of

reaction rates and selectivities with different cfyStals’of the same
orientation were better than #30% and +10%, fespectiveiy; Blank

reaction studies, carried out over surfaces covered with graphitic carbon
deposits that formed upon heating in hydrocarbOn at 750-800 K, revealed

a very low level of background catalytic activityvcorresponding to 2—4%;of the

activity measured for initially clean plétfnuh.v

It should be noted that the clean.(lOO) and (13(1,1) platinum,crys;al
faces display surface reconstructions that can be approximately represented
by (5 x 20) coincidence lattice structures (36, 37). Dynamical LEED
intensity calculations (37) for Pt(100) suggest that the topmost surface
layer is hexagonal, buckled, and contracted abou£ 6% with respect to the

bulk metal_gfspacing. Upon exposure to hydrocarbons at high or low pressures

iy
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we have always observed (1 x 1) structures indicative of the
unreconstructed (100) and (13, l 1) crystal faces. Since hydrocarbon
catalys1s appears to occur on these unreconstructed surfaces, the

(1 x1) structures are shown in Flgure l and will be used in all fcllow1ng

dlscu551on.

3. RESULTS

4Structure'Sensitivity of Catalyzed n-Hexane Reactions: Product
accumulation curves determined as a function of reaction time at 573 K
| (Hy/HC = 10) for n—hexane reactions catalyzed on the (100) platinum
surface are shown in Fig..Z;F:Productvaccumulaticnvcurves:determined
at 573 K (Hy/HC = 10) for aromatization catalyzed over four platinum
surfaces are compared in Fig. 3. The rate of reaction at any time is given
by the slope of the product accumulation curve at that time. Table 2 lil
summarizes initial reaction rates and selectivities at 573 K for the different
reaction pathways together with surface carbon coverageS'that were determined
by AES follo&ing 110-170 min. reaction time. Only the aromatization reaction
displayed significant-structure sensitivity that was characterized by about
a factor of 4 difference in initial rates between the most active (10,8,7)
and least actlve (100) platlnum surfaces. All other reactions displayed
initial rates that dlffered by less than a factor of two on all the
platinum surfaces. ' V V

Temperature and Pressure Dependence of the Initial Reaction Rates:

Arrhenlus plots for n—hexane hydrogenolysls, 1somerlzat10n, C5-cycllzatlon,



and aromatization eatalyzedlover five platiﬁuh sgrfacee at a total
pressure of 220 Tprr are shown in-Figs. 4-7 . The (£0;8,7) (332),_aad
(lll) platinum surfaces were always more active in aromatlzatlon as
compared to the (13 1, l) and (100) surfaces. All other reactions |

displayed little structure sensitivity at all reaction temperatures.

Hydrogenolysis and aramatization were the only reactions that
displayed "normal" Arrhenius behavior over a wide range of temperature.
Even for these reactions the apparent activation enérgies appeared to
decrease with increasing reaction temperature. The isomerization and
Cs—cyclization reactions displayed rate maxima at temperatures that
varied from about 570 K for 2MP formation to 600-620 K for 3MP and MCP
production. Figure 8 shows Arrhenius curves plotted together for all
the parallel reactions catalyzed on the (13,1,1) platinum surface at"’

a total pressure of 220 Torr. Similar results were obtained with the
(111) and (10,8,7)-platinum“surfaces at a total pressure of 620 Torr

as shown for pt(10,8,7) in Fig. 9. Over these surfaces the rate
maxima appeared to shift to higher tanperatures with increasing hydrogen

préssure.

The unusual temperature dependenc1es observed for the n-hexane
reactions (coupled with more rapid deactlvatlon at high temperaturesi
prevented a reliable determlnatlon of actlvatlon energles for
temperatures hlgher than about 600 K Table 2 1ncludes average apparent
activation energies at two total pressures that were estlmated from the

Arrhenius plots for reaction temperatures ot 560-590 K. Based on the limited
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data at these lower temperatures, these activation energies are

'believed to be accurate to no more than #5 kcal/mole. Nevertheless,

a clear tendency existed for the apparent activation energies to increase .

with increasing hydrogen pressure. -

Reaction‘ordep;plots for n—hexane éydfogenolysis énd aromatiiation _
cétalyzed‘over the,kinked (10,8,75 platinum surface are shown at several
temperatures in ?ig, 10, Ihe_o;der of the hydrogenolysis rea;tion with
respect‘to hydrogqn pressu;e appearéa1to inqrease fram about_0.4 at 573 K to
0.9 at 64O'K- Isamerization and Cg-cyclization displayed similar behavior
(at 573 K);_ Ihe,pr@ef of the anqmatizapion reactidns with respect to hydrogen
pressure was slightly_negative at low temperatu;es (<590 K) but became

positive at higher temperatures (>590 K) .

:Reactionhéélectivity: ‘Because parallel reactions displayed

different catalytic behavior as a function of temperature and hydrégen
pressnre; the selectivities for n-hexare conversion over the single

cfystal catalysts varied markedly with reaction conditions. Fractional
selectivities for n-hexane hydrogenolysis, dehydrocyclization (MCP + Bz),
and isomerization (2MP + 3MP) catalyzed over Pt(1ll) at a total pressure

of 620 Torr are shown as'a function offreaétioh temperature in the upper
half of Fig. 11. Kinetic seléctiyitiesvfor the production of 2MP over 3MP and
Bz over MCP are shown as a function of temperature in the lower half of

Fig. 11. Figure 12 illustrates the same kinetic selecfivity functions for
n-hexane reactions catalyzed over five platinum surfaces at a4total pressure
of 220 Torr. The 2MP/3MP rétiéé always decreased and the Bz/MCP ratios

always increased with increasing reaction temperature. The temperature
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ranges where these selectivities chahged'most:rapidly shifted towards higher

temperatures with increasing hydrogen pressure.

Hydrogenolysis Selectivities. Whereas the catalytic activity for

n-hexane hydrogenolysis_diSblayed llttle dependence on‘platin&m surface
structgre,‘the selectivity duringrhydrogenolysis varied markedly with
terrace strUCture"and, to a lesser eXtent,"with'hydrogen preSSure;

Product distributions for n-hexane hydrogenolysis' catalyzed over the
platinum surfaces are summarized for‘a variety‘of reaction condltiens ln:mj
Table 3& The (100) ahd‘(l3,l,ll platihum surfaces diSplayed"a clear o
prefereace>fOrvSCission‘of”internal c-C SOndsvleading primarily €6 the
formation of ethane, propane, and butahé.~‘BY'ceﬁtrast‘thej(lll),i(3323> |
and (10,8,7) platlnum surfaces dlsplayed h1gh select1v1t1es for cleavage

of the terminal and central c-C bonds.' Low levels of multlple h

hydrogenolysis (n—C6H14 CH4 + CaHg) that represented about 3-8 percent.

of -the total C-C bond breaklng actlvlty at 573 K, were detected”over allhdg.

the,platinum‘surfaces, Multiple C-C bond breaking proceseeswwere_favqredaat'

high reaction temperatures and appeared to occur most easily on the (111),:

(332) and (10,8,7) platinum surfaces .

The fission parameter, Mf,‘defined by (17)
Mg = [C)177 }(6 - 1)ICy) S | N 8
i=2 : : T
was used to cla551fy the hydrogenoly31s select1v1t1es that were

exhibited by the dlfferent platlnum surfaces. The‘chcentrathns‘oﬁ -

£
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hydrogenolysls products with i carbon atoms are denoted by [(Ci] .

Selective hydrogenolysis of the terminal C-C bond produces Mf = 1,

whereas purely.statistical hydrogenolysis yields.Mf = 10. When

multlple hydrogenoly31s is 1mportant, Mf <1l. Fission parameters

for n—-hexane hydrogenoly51s catalyzed at a total pressure of 220 Torr

are shown as a functlon of reaction temperature in Flg 13. The (lll),
(332) and (lO 8,7) platlnum surfaces dlsplayed ‘values of Mg that were between
'3 and 7 for all temperatures between 530 and 660 K. Fission parameters for
‘the (100) and (13 1,1) surfaces were always much hlgher, 1.e., 13-21.

The f1551on parameters dlsplayed a small dependence on hydrogen pressure,
as shown for the “(111) plat1num surface in Flg.-l4. ngh hydrogen

| partial pressures'and low temperatures favored statistical hydrogenolysis,
'whereas low hydrogen pressures and hlgh temperatures favored termlnal c-C
bond Spllttlng. ' |

Deactivation Kinetics and Formation of Surface Carbon Deposits:

Continuous deactivation was detected during all the n-hexane reaction
studies. Parallel reactions displayed similar deactivation rates under
each set of reaction conditions.. HoWever, within isonerization; the
deactivationvbehaylor 2—>and 3;methylpentane formation was clearly
different. The\selectivity'for.2¥methylpentane productionlrelative to
3—methylpentane fomnation‘increasedvwith‘increSlng.reaction time. This
effect was most pronounced for the‘(lOO) and (13,1,1) platinum surfaces,

where a 2-3 fold change in selectivity was detected after 2—3‘hours. (38) .

Deactivation rates at any given temperature were similar for all
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platinum surfaces. The deactivation rates increased‘with-increasing_
reaction andvdecreasing hydrogen pressure.. Deactivation resulted fron the
formation of strongly adsorbed, partiaily dehydrogenated, carbonaceousi
deposits that covered a significant fraction of the piatinum surface. (32)
Figure 15 campares AES spectra recorded foiiowing n—hexane reaction

studies over Pt(100) at 573 and 673 K. As Aindica-ted, the surface coverage
by the carbonaceous deposit increased with increasing reaction temperature,
Figure 16 summarizes C273/Pt237 AES peak-to—peak height ratlos measured
following n-hexane reactions that were carrled out between 525 and 678 K
These peak height ratios can be converted 1nto approximate atomic ratios
expressed as carbon agan egulvalents per_surface platinum atom‘by multiplying
by 0.62 for Pt(111), (332) and Pt(10,8,7), and by 0.74 for Pt(100) and Pt(13,1,1),
respectiVely (39) . Using these conversions, it follows that.the apparent
coverage by the deposit was equivalent to 1-6 carbonvatoms'per.surface

platinum atom.

Several different klnetic models were 1nvest1gated to describe
the deactivation kinetics. At the lowest temperatures 1nvest1gated
(<560 K), the deactivation was well described by a first order
model Ry = Rdexp( at), whereas at higher temperatures the |
deactivation displayed a fractional order time dependence; Qiz.,”

R, = Roexp(—atn), 0 < n<1l. Best fit orders for the |
deactivation process were determined from’order plots inot shown)
of In(ln(R(t)/Ry)) as a function of Int. Deactivation orders

determined in this manner decreased continuously with increasing
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reaction temperature fram 1.0 * 0.2 at 520-570 K to 0.5 * 0.2 at 640-660 K.
The apparent activatien energy for deactivation was estimated fram the
initial slopes of plete testing the first and‘nalfeorder deactivation
modeis. Arrhenius plets for the deactivation rate constants yielded
activation eneréiee'ﬁhet-were always in the fange 11-18 kcal/mole independent

of the deactivation model (39).

‘n-Hexane Dehydrogenation Activity: The dehydrogenation of n-hexane

yielded an‘unresolved mixture,of.le,“cis- and trans-2-, and cis- and
ttans—B—hexenes,under all :eaction condition53 Theldehydrogenetion
reactions were very rapid and approached equilibrium over the first
20-30.min reaction time. Hexenes detected in the first gas chromatogram
of each experiment-we;e used. to establish a lower ;hnie for the‘initial
dehydrogenation rates. These "lower limit" dehydrogenation rates are
shown as a function of 1/T in Fig. 17. The dehydrogenation rates
es£imatea'in thie nannef (in tne range'O.l—l.molec/Pt atom sec) were at
lééég 10 timeé‘faeter tnanltne sum rate ef'all skeletal rearrangement

' reactions.
4. VDISCUSSION .

Structure Sensitivities of Initial n-Hexane Reaction Rates:

Important new information about the'strUCtufe'eensitivities of ‘alkane
reforming reactione”nave'been defived from our etudies of n-hexane feactions
catalyzed over platinnm éingle crystal surfaces. Near atmospheric preeSure
and temperatures between 550 and 620 K, the (111), (332), and (10,8,7) -

platinum surfaces were several times‘mete active than the (100) and
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(13,1,1) surfaces for the dehydrocyclization Qf n—héxane to benzene.
Hexagonal (111) microfacets that were present in highest concgntratiqns

on the (lllj, (332) andf(10,8,7) surfaces disp}ayed é unique ability

to catalyze this complex skeletal reatrangemgnt.v:The atomic étructure of the
terraces was the major source of structure sensitivity for thi§ important
reforming reaction. Steps and kinks-that were present in high“Cbncentrations
on the (13,1,1) and (10,8,7) surfacés increased the raté of dehydrocyciizétibn-
only 10-40% as compared to the flatvidw index surfaces. It should bé'noted
that unoriented crystal edges that represented ~8-15 percent OEfthé total
platinum surface area tend to make the structure ‘sensitivities appéar
smaller than they would be if the entire platinum surfaée area were 6f the.

specified orientation.

In contrast to aramatization, the rates of n—hexane hydrogenolysis,
isomerization, and Cs-cyclization displayed little dependence on platinum
surface structure. The absence of significant structure sensitivity for these

reactions is consistent with the studies of Ponec et al. (5) (Pt/SiOp,Hy/HC = 16,

Ptot = 1 atm, T = 520-570 K) and Dautzenberg and Platteeuw (7,8) (Pt/Aly03,
Hp/HC = 4, Ptor = 9.5 atm, 760 K) . An important result of our studies is

that Cg-cyclization occurred very easily on all the platinqmlsurfaces, even

the flat (lll) and (100) surfaceé with very 1ow concentrations of step and kink
defect sites. At the lower temperatures (530-570 K), methylcyclopentane was the

dominant reaction product produced over every surface. It has:often been suggested

that isolated edge and cormer atoms are the preferred sites for this
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Cg-cyclization reaction (5,25,40,41) . Our studies demonstrate that under
appropriate conditions all types of platinum sites can catalyze this

pathway with high selectivity.

It appears likelyrtbet corner atoms with_very few (3 cr 4)
nearest neighbors'end/cr metal support,interectécns may benresponsible
for the exceptional C5nyc1izatiQn.selectiyiti;thet has oftenhbeen
reported.for supported platinum cateiysts with,yery_ﬁigh qispersion

(5,22,25,41) .

In Fig. 18 the initial rates of aramatizeticn and Csecyc}izaticn |
at 573 K are sunnarlzed as a functlon of surface structure. .
Aromatization was 1nfluenced strongly by the terrace structure, whereas
5—cycllzat10n was not. Terraces w;th (1ll)bor1entatlon led to a
higher aromatlzatlon spec1f1c1ty. Further studies using more highl?\
stepped and kinked surfaces would be valuable to further extend

this conclu51on.

Isomerization of n-hexane to 2- and 34methylpehtanes disélayed
little if-any structure sensitivity. All types of platinum sites were
highly active for catalyZingtthis skeletal“rearrangement'process,
although the flat (111) surface appeared to be slightly more active’
than the other platinum surfaces, esbecially‘for the production of

3-methylpentane.

- The structure sensitivities of n-hexane reactions reported here

compare favorably with results recently obtained by Gillespie for
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n-heptane hydrogenolysis and aramatization catalyzed Qver‘flat (ill),
stepped (557), and kinked (25,10,7) and (10,8,7) platinumvsurfaces
(29) . As campared to the flat (111) surface, n-heptane aromatization
was faster and h&drbgenolysis was slower by about a.faptor of“ﬁwo
on the kinked (10;8;7)’éuffacé.' The samélfrena wé; deéeCted'for
n-hexane reactions, although the dffféréhcés'iﬁ rates dﬁevto surface
irregularities were léss\prdnounced. |

Finally, it should be noted the overall n~hexane skeletal
rearrangement rates determined for single crystal surfaces wére’alWays
much higher than the rates of the same réactions catalyzed over
pracﬁical'platinum catal&sﬁs. Table 4 bré?ides a éomparison of
initial rates for Pt(ill) with thosé réported for otherrtypes of
platinum catalysts; e.g., film, powders, and Pt/SiOz. All the
rates were determined under similar réacﬁion conditions. With the
exception of ultra thin platinum films that were prepared in UHV
(4), the initial rates for Pt(lll) were usually about an order of
magnitude,highér.than rates reported for practical catalystsf As
noted by Gillespie (29) these differences probably arise from a
combination of effects including (a) metal support interagtions,
(b) carbonaceous depoéits on the practical catalysts, and (c)
inaccuracies in surface area deteminations for the model(and/or‘practical
catalysts.

n-Hexane Reaction Selectivity. Product distributions for n-hexane

skeletal rearrangement over the Singlé crystal Catélysts displayed .
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striking varlatlons as a funct1on of temperature and hydrogen pressure.

For any set of react1on condltlons the product distributions for all
surfaces were SLmllar except for the dlfferences in aromat1zat10n"select1v1ty
that are expected from the structure sens1t1v1ty of this react1on. |
Isomerization, C5-cyclization, and hydrogenolysis were always the'mainj.
reactlons at lower temperatures (<570 K) and hlgher hydrogen |

* pressures (>209‘Darr). Hydrogenoly51s and aramatization select1v1t1es
increased»with increaslng’temperature. At the h1ghest temperatures -
studied (>620 K):hydrogenolysis and aromatlzation represented 65-90

_ percent of the total skeletal rearrangement.‘ .

| ' Product dlstr1butlons determlned at the lower reactlon temperatures
(530—590 K) were generally very 51m11ar to those reported prev10usly for
supported catalysts, as 1nd1cated in Table 5, where a detalled comparlson

is prov1ded with other types of platlnum catalysts. In nearly all cases

the 51ngle crystal surfaces dlsplayed hlgher selectlv1t1es for aromatlzatlon
and C5—cycllzat1on and lower select1v1t1es for 1somerlzat10ndas compared

to practical catalysts. However, these select1v1ty dlfferences were small

enough that the overall agreement must be con51dered very good

One would hope to be able to decompose the selectivitles displayed
by pract1cal catalysts as a llnear comb1nat1on of select1v1t1es for (100)
and (lll)‘mlcrofacets. Unfortunately thls is not p0551ble because the
cyclizatlon selectiyitles displayed by s1ngle crystal surfaces.are‘

always too high.

Kinetic selectivities for 3MP over 2MP and Bz over MCP increased.
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markedly withvincreaeing temperature and decreasing hydregen pressure .
These changes in selectivity were quitevdramatic indicating that major -
changes occurred in tﬁe reaction mecﬁanism as a funetion of:reaction”
conditions . The 2MP/3MP and Bz/MCP selectivities determined at' lower
temperatures (<570 K) and higher hydrogen pressures (HZ/HC >30) were
similar to these noted previously‘for practical catalysts. However,
the Very low 2MP/3MP ratios (<0.2) andvvery high Bz/MCP ratios (32-3)
determined at higher temperatures and,lower hydrogenbpressures appearvto
be unidue’to single crystal surfaces and perhaps other forms of bulk
platinum. In studies‘of n-hexane reeetibns catalyzed over Pt/Sin catalysts,
van Schaik et 51;»k14) and Karpinski and Koscielski (10) failed to observe
sighificant changes in the same kinetic selectivitiee.bver the’tehperature
ranges 550-585 ahd 573-635 K, respectively. At high space velocities,
9.5 atm (Hp/HC = 4), and 710?760 K, 2MP/3MP and Bi/MCPiratios of about
2 and 0;1—0.5, reepectively, were reported for mehofunctional Pt/A1203
catalysts (7.8). Paal has reported Bz/MCP ratios as large as 5 for -n-hexane

reactions catalyzed over Pt-black at 690 K (3).

Maire and co-workers (41) recently investigated the isomerization
of 2-methylpentane-2-13C on several platihum single crystal surfaces and
on a series of alumina supported platinum catalysts. The isotopic
distribution of 13C in the productvhexanes was used to determine the
proportion of the isamerization reaction which proceeded‘by tﬁe Cg—
cyclic mechanism. At 620-720 K, the (11l1), (91ll1), and (557) Single
crystal catalysts displayed cyclic percentages which were in the

range 14-70 percent, although most often they were 50-70 percent .
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Since these cycllc percentages were the‘same as those displayed by

supported catalysts w1th low and medlum dlsper51on (<0.7), the Strasbourg
group concluded that.the s1ngle crystal surfaces are excellent models of
.practlcal catalysts w1th low and medlum dlsper51on. Whlle meanlngful
labelllng studles could not be carrled out under our 1ow conversion conditions,

two facts certalnly tend to demonstrate that the cycllc mechanism is 1mportant

on the 51ngle crystal surfaces. Iscnerlzatlon and C5—cyc11zatlon displayed
identical catalytlc behav1or as a functlon of temperature and hydrogen
pressure, both - reactlons dlsplayed max1mum rates at 600—630 K, and both
reactions dlsplayed 51m11ar absolute rates over all surfaces under all
conditions 1nvest1gated More importantly, whereas n-hexane isamerization
exhibited no 51gn1f1cant structure sensitivity, 1sobutane and n-butane
1sanerlzat10n.wereihlghly structure sensitive over the same-plat1num

surfaces under exactly the same reaction conditions used for the n—hexane
reactions‘studies'(3l). ‘These light alkanes are restricted to isamerization

by the bond shift mechanism which is fastest on surfaces containing mostly
(100) surface structure. It is difficult to rationalize aiprocess bylwhich bond
shift isomerization would be structure sensitive for isobutane and n-butane but
not n-hexane, unless, of course, .the bond shift pathway is of lesser importance

for n-hexane., .

If it is accepted:that nehexaneﬁlscmerizatlon ls at'least partlally
‘cycllc, then the changes in 2MP/3MP select1v1ty w1th temperature, hydrogen
pressure, and reactlon time could result frcm changes in the positional
' selectivity for ring openxng of the C5—cyc11c intermediates. Isomerization
to 5-methylpentane was favored in initlally clean platinum at high

temperatures and low hydrogen pressures. Isomerization
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to 2-methylpentane was»favored at ionger reaciion timeS'after the

surfaces had become extensiveiy covered by strongly adsorbed carbon-

aceous species.- Similar changes in isomerization selecti?ity with reaction tﬁne
were noted by Carra et al. (2) for n—hexane con&ersion at 573 K over

platinum black and also for methylcyclopentane ring open1ng over

‘platinum single crystal model catalysts (38) It appears likely

that thls change in selectivity as ‘carbon is deposited on the surface

may arise fram a change in the steady state surface concentratlon of cheml—
sorbed hydrogen and/or a change in the size of the available reaction

sites (32).

The results obtained in this work demonstrate that direct 1,6-ring
closure is‘an important reaction pathway for n-hexane aromatization
on platinum. Arcmatization was structure séensitive and favored by high
temperatures and low hydrogen pressures. By contrast Cg-cyclization
was structure insensitive with maximum selectivity at lower temperatures
(<570 K) and higher hydrogen pressures  (Hp/HC > 10).' These differences
in catalytic behavior appear to indicate that the reaction intermEdiates'
leading to aromatization have a lower hydrogen ccntent than those leading’
to methylcyclopentane formation. With this in mind, it is possible that the
structure sensitivity of n—~hexane aromatizaticn may originate in part from
the different binding strengths of hydrogen on the surfaces with different
atomic structure. It is well established that hydrogen is chemisofbed
more strongly on (100) microfacets than (111) microfacets by about

1-4 kcal/mole (42-44). The steady state concentration of surface hydrogen
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»shouiditherefore be higher on surfaces'With”(IOO) terraces;‘ﬂhn increase
in the concentrat1on of surface hydrogen would be accompanled by a
decrease in the concentratlon of reactlon 1ntermed1ates w1th very low..
hydrogen content (all other thlngs belng equal).' As a result, 1t is N

natural to expect that'the"aranatiZation activity of (100) ‘microfacets should
be lower than that for (111) ‘.‘mic"rof_acets'. Differences in aromatization

rate constants that arise direCtlyffﬁan'changes'in surface structure
(template effect) might also'contribute to the unique structure

sensitivity of the aromatization reaction.:

ﬂydrogenoly51s Product D15tr1but1ons. The p051t10na1 select1v1ty

of n—hexane hydrogenoly51s dlsplayed a marked dependence on platlnum
surface structure. The (100) and (13 1 l) platlnum surfaces w1th

h1gh concentratlons of (100) mlcrofacets dlsplayed a hlgh spec1flclty
Afor sc1551on of the ‘internal c-C bonds w1th llttle accompanying termlnal
hydrogenoly51s (Mf 15) By contrast, the (lll), (332), and (10,8 7)
surfaces that were mostlycxmmmsed of hexagonal (111) m1crofacets
dlsplayed a clear preference of hydrogenoly51s of the central and
terminal CfC'bonds. In this case, the probablllty for scission of the
C24C3>bond was quite low. Average C-C bond rupture probabilities

calculated for Pt(100) and Pt(lll) at a_total pressure of 220 Torr

- were .
\ a-¢; - 03 C3=Cy C4—Cs Cs—Ce
Pt(100) 0.08 0.20 044 020  0.08

Pt(111) 021  0.09 0.0 0.09 0.21
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These probabilities differ appreciably from those reported previously for
supported platinum catalYSts where n-hexane hydrogenolysisnnas most often
statistical (4,6,10), although in a:few cases (14,16) a small preference

was reported for internal scission’ (like Pt(100)) .-

The differences in hydrogenolysisvseléctivity_for single crystal
surfaces with different atomic structure_appear to‘afise difectly
fram differences in the‘st;ucture of the reaction intefmediates which
undergo C-C bond scission. Ex1st1ng llterature (26 27 45,46), suggests
that a,y-triadsorbed species are the most lmportant class of
intermediates for hydrogenolysis reactions of C3 and larger alkane
molecules . Convincing eVidence in favor of these species was’provided
by ILeclercq and so—workers (47) in sﬁudieS'of sixteén:different alkane
hydrogenolysis reactions catalyzed o&er'Pt/Alzo3.- In that case, the
reactivities of C-C bonds with different substitution were aiways weii
described by the intervention of'l,l,3— and l,3,3-triadSorbed“species, except
" when the'3 carbon was quarternary, in which case a,G—adsorbed-species
also appeared to become important. The Frénch workers also pféséntéd
evidence that hydrogenolQSis was most favorable for C-C bonds a to a=me£al—
carbon multiple bond. ‘The latter predfctién is consistent with fecent
extended Huckel calculations (48) which revealed that C—é bonds a to
platinum—carbonAmultipléibonds in alkylidene (Pt ='é§2) and slkylidyne
(Pt = CR, R = CH3) surface species_are wea&ened relative to those o to

platinum—carbon single bonds. (49)

In addition to these a,y-triadsorbed species,vanother‘

possibility, which is clearly unique to (11l) microfacets, can be proposed

vy
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to account for the higher selectivities fof terminal cleavage on surfaces
containing these structures. Dynamical LEED intensity analysis and high
'resolution ELS studies (50-54) have demonstrated that a common, stable
surface species always results from the chemisorptlon of ethylene,
propylene, and,butenes on Pt(lll){de(lll) and Rh(lll) at 300-420 K. ,
This species is the surface alkylidyne group, Pt3 = C-R (R = CH3, CpHs, C3Hg),
which occupies the 3-fold hollow sites that'are uniduevto (111) microfacets .
Atomic structures for these species chemisorbed on Pt(1ll) are shown in
Figure 19 (54). Formatlon ‘'of these surface species is accxmm)anled by
weakening of the a—C—C bond (48).7 If the isostructural hexylidyne .

species formed during n~hexane conversion on the (111) platinum sdrface,
hydrogenolysis:should yield methane and pentane with high selectivity as

observed expe:imentaliy.

Deactivation Kinetics and Role of Adsorbed Carbonaceous Deposits.
The platinum single crystal catalysts deactivated‘continuously during all
of the n-hexane reaction studies. The deactivation rate displayed little
dependence on platinum surface structure. Deactivation was accompanied
by the deposition of about one or more monlayers of disordered, strongly
bound carbonaceous deposit on the platinum surfaces that could be detected
following the reactions by AES. ’The deactivation kinetics could be
described empirically by an exponential rate law, R(t) = R(t = 0) exp(-ath),
where the order parameter n decreased with inCreasing reaction temperature .
In order to place these deactivation kinetics in context, three important

properties of the carbon deposit that were discussed previously (32) should
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be considered: (i) the carbonaceous deposit is a non-graphitic, polymeric
residue with an average hydrogen content of.about one hydrogen atom per
surface carbon ataom, (ii) the carbonaceous,deposit»nucleates in the
form of islands that are largely 2-dimensional at low temperatures
(<570 K) but tend to became 3-dimensional at high temperatures (>630 K),
and (iii) the general role of the carbon deposit is that of a
non;selective poison; in its presence hydrocarbon catalysis takes place
on a small concentration of uncovered surface platinum ensembles that

display normal platinum activity and selectivity. -

Avsimplified kinetic model for the deactivation process can be
develbped from the following series of reaction.stebs

kp

carbon deposit

\' 4

Y b R L '
‘nCeH14 2 n-Cghy(ads) + aHp | (2).

| : . products

rd

where it is propoéed that deactivation results from polymerization of
adsorbed reactant molecules. 'Abcording to this scheme hydrocarbon
-conversion competes with deactivation, and dissociative hydrocarbon
chemisorption is reversible as demonstrated by recent deuterium

exchange studies (34). The rate of skeletal»rearrangement is proportional

to ky 84 where 6j is the surface coverage by'adsorbed'hydrocarbon. Since the
deactivation rate was slow compared with the individual adsorption-
desorption and surface reaction steps (34), the steady state

approximation can be applied to 8; which yields

R g
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APgc(l - Oc)

a
Obye + KPG + Kk + kp/k )

=n (1 -6g) (3)

where A = ky/k-1, 8 ¢ %g the surface coverge by tho deactivating carbon

deposit, and the su:faceyooverageubyvhydrogehﬁis,assumed to be small = .

for simplicity (ieﬁfeﬂ;(KHPﬁz)l/ZS. “The rate of formation of this

deposit is simply

= d_§§= kpdi= nkp(l = 8c) | - | (4)

which integrates to

8i(t) = exp(-nkpt) B (5)

The latter expressioo accounts for the first order deactiva;ion‘thqtl
was observed at lower:temperqturg§“andﬁgreoicts that the deactivation
rates should increase with increasiogAtemperature and decreasipg _
“hydrogen pressure as observed oxpo;imen;allyﬁi The apparent activation
energy for this_process_wasw11518 Koal/mole whioh is typicalofor
polymerizatioo‘reactions_(55),‘_S;nce dehydrogenation was a}ways phe
fastest hydrooarbon cohversion reaction, it is tempting to suggest
that the nuclqatiop and growth oﬁ\theocarbon deposit results from

polymerization of chemisorbed hexenes.

At the lower reaction temperatures (<560 K), the carbon deposit

assumed a 2fdiﬁensionél‘struoture;“and‘the'deactivatiOn was simply



-26

first order. Every molecule inéqrporated;was equally effective in blocking
platinum surface sites thét were requifed.for skeletal rearrangement
reactions. At higher températureé the deéosit gradually converted into a
3-dimensional strhcturér(32),1éndtthis ooﬁvérsion was accompanied by a
contihﬁous éecgeaSe in ﬁhe’appa;ent order'fdr the deactivation reaction.
It appears that this chanéé inrdtder can be correlated with azéharge

in morphology of the carbon deposit. The fractional order time
dependence indicates that the molecules which were incorporated at high
temperatures were not as effective in blocking platinum sites és;ét the
lower temperatufes. This is expected if polymerization proceeds at the
surface but the deposit continuously'rearranges (or decomposes) to
restore a certain fraction of the platinum sites that were used for

polymerization process.

5. CONCLUSIONS

The‘strucﬁuré and temperature deééndénce of n-hexane skeletal
rearrangement was investigated near atmospheric pressure over a series’
of platinumAsinglé crystal surfécés with wéll defined surface structure
_and composition. Aromatizatibn of n-hexane to benzene displayed unigue
structure sensitivitf.ih which éhe rétés and selectivities for this
important.refonning-reaétion were mAximiged on platinum'surfaces with
high concentrations of (111) miérofacets.: The rates of isomerization,“
- Cg-cyclization, and hydrogenolysis reactions displayed little
dependence on platinum surface structure. The distribution of hydrogenolysis
products was influenced markedly by terrace structure. Platinum surfaces

with (100) terraces favored internal C-C bond scission, whereas surfaces with

i
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(111) terraces displayed a higheﬁ*selectivity for terminal hydrogenolysis.

Seiectiyi;ies for n-hexane skeletal rearrangement varied markedly
with temperatﬁféﬁgnd hydrogen preésure.< Chanées in seleétivity with
. reaction éopditions were related to a change in identity of the most
‘abundant surface intérmediéte that resuilts frbﬁ a cﬁange iﬁ the surface
concentration of éhemiSorbéd hydrogen . Skeletal‘rearréngement was
dominated by cyclic mechanisms™involving both 1,5- and 1,6-ring closure.
" Polymerization of thé"édsbfbéd speé%eS‘qompeted’with_skeletal
rearrangement and lead to the growth disorderedvcarbonaceous deposits
on the platinum surfaces. The primary role of this deposit wa§ that of a

‘non-selective poison. -
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TABIE I. Miller Indeces, Average Terrace Widths, and Microfacet

 Indeces for Platinum Single Crystal Surfaces

. Miller Index Terrace_width‘(A)"i Mic:gfaget-lndex(a)
Pt(100) —_ | Pt(100)
Pt(111) S R PE(111)
. Pt(332) 14.0 . P(S) - (5/2 5(111) + 1 1(11D)]
P't(l3,l,'l'). 180 , . PE(s) - (12 4(100) + 1 3(111)]
“pt(10,8,7) (P - 151 . Pt(S) - [15/2 45(111) + 2 5(100) + 1.1(11‘1”)1

 (a)for a detailed explanation see ref. 7.

" (b)kink concentration = 1 x 1014 atoms an=2 (i.e. ~6% kinks).
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Initial Reaction Rates, Selectivities, and Surface Carbon Coverages

for n-Hexane Reactions Catalyzed Over Platinum Single Crystal Surfaces(a) -

Catalyst Initial Reaction Rates Selectivities Surface
(molec/Pt atom sec) x 103(P) (mole %)(C) Carbon(d)
J<Cg 2MP+ MCP Bz Sisam Scyc.  Shydr
2 3MP_ | » :

" PE(100) 5. 68 9.8 14 29 47 24 2.3
Pt(13,1,1) 6 .8 4.3. 9‘.5 1.6 19 50 31 2.5
Pt( ll_l)f. 8.7 7.9 11 4.9 24 50 | 26 2.2
Pt(332) 8.0 3.0 - 11 4.5 12 58 30 2.2

' pt(10,8,7) 6.4 6.0 12 6.0 . 20 59 21 2.0
Approximate Activation Energies (kcal/mole)_(_e_)_

PHZ 200 Torr : 20 - 25 16-22 13-19 23-28
PH2= 600 Torr 22 - 26 ~25 19-25 26-32

(a) At 573K, Hp/HC = 10, Pgor = 220 Torr

(b) *25%

(c) Fractional Selectivities; isom = 2MP + 3MP, cycC - MCP + Bz, hydr = )<Cgq
(d) Carbon atoms per surface Pt atom at 110-150 min.

(e) Average spread in values for different surfaces at 550-580K

e



~33-

TABLE 3. Initial product distributions for ﬁ-hexane hydrogenolysis

cataiyzed over platinum single crystal surfaces (a).

Initial Hydrogenolysis

_ Py, (Torr) Distributions (moles)
Catalyst  ~ T(K) S ¢, ¢ G C G
Pt(100) © . = 556 220 - 13 20 42 18 7

573 200 16 19 39 19 7

592 200 - 18 20 38 16 8

PE(111) 573 200 | 31 11 . 32 8 18
593 200 . 3 10 30 .5 19

638 200 ‘ 43 16 24 4 .13

Pt(13,1,1) 573 200 15 22 39 17 7
595 200 ' 15 23 40 16 6

623 200 - 16 22 43 13 6

PL(10,8,7) 573 200 | 36 13 27 12 12
| 599 . 200 30 10 37 10 13
623 200 33 12 36 9 10

658 200 3% 14 31 10 9

Pt(332) 573 200 43 13 20 10 13
Pt(111) 573 600 23 14 35 12 16
623 600 8 15 33 8 16

673 600 0 15 24 6 15

753 600 64 13 14 2 7

PL(10,8,7). 573 80 37 14 28 11 10

573 600 _ 31 17 24 14 14

(a) Product distributions were calculated at 15-30 min reaction time,

PHC = 20 Torr.
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TABLE 4. Comparison of initial n-hexane reaction rates on Pt(1lll) and

practical platinum catalysts.

Initial Rate (a)

Catalyst T(K) Ho/HC Piot(Torr)  (molec/Pt atom sec) Ref.
Pt(111) 573 10 220 0.03 -
Pt—powder 573 6 760 3x10-3 )
Pt/SiOp : '

(d=30 &) 573 11.2 180 4x104 10
Pt(111) 553 10 220 } 0.02 -
Pt-film 546 10 110 0.02-0 .03 4
(d-15-58A4 )

Pt(111) 573 30 . 620 0.07 -
Pt/SiO 573 16 750 3-4x1073 5
(3=40-804) |

(a) Total rate of skeletal rearrangement.
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TABIE 5. Comparisohyof n-hexane reaction selectivities for single crystal surfaces and

practical platinum catalysts.

Fractional Selectivities

(mole %):7'

. : . e N .-Z—M-g .B_z.
Catalyst . T(K) Hp/HC  Piot(Torr) = 2MP+3MP MCP: Bz }<Cg  3MP  MCP Ref.
Pt/Aly03 573 190 760 58 7.5 2. 325 15 027 16
16% Pt/Si0) 567 17 760 . 48 7 ' 2 43 17 0.9 14
0.22% Pt/sioy 573 = 760 29 35 - 36 2.8 - 6
(d=108) - e o | o
9.5% Pt/Sio, 573 -~ - - 760 53 7 - 40 - 2.6 - 6
(F=55A4) | o
Pt-black 573 - 6 760 . 49 100 1-3 38 - <0.3 2
Pt(111) 573 30 620 - - .42 26 7 25 15 0.27 -
1% Pt/SiOp 573 . 13.5 19 0N 2.5 0.5 26 - 0.2 10
(&=308) .~ .. - : o o . |
Pt(111) 573 10 . 220 .- 24 35 15 26 04 0.6 -
Pt (100) 573 10 5 220 29 4 6 24 0.65 0.14 -
1% Pt/sio, 635 13.5 190 56 18 4 2 - 0.22 10 ..
Pt(111) 638 10 - 220 14 13 33 40 <0.15 2.6 -
pt-black 693 >20 760 s 4 18 73 - 50 3

Pt(111) _ 693 . 30 620 14 11 32 43 <0.2 2.8 -
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FIGURE CAPTIONS

Figure
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4:

5:

8:

Idealized atomic structures for platinum single crystal surfaces.
Product accumulation curves measured as a function of reaction

time at 573 K for n—hexane conversion over Pt(100).

Product accumulation curves measured as a function of reaction
time at 573 K for n—hexane ananatizatibﬁ“cétalyzed over platinum

single crystal surfaces.

Arrhenius plot for n-hexane cyclization to methylcyclopentane

catalyzed over platinum single crystal surfaces.

Arrhenius plots for n-hexane hydrogenolysis catalyzed over

platinum single crystal surfaces.

Arrhenius plots for n-hexane isomerizatibn to 2-methylpentane
(lower frame) and 3-methylpentane (upper frame) catalyzed

over platinum single crystal surfaces.

Arrhenius plots for n-hexane aromatization catalyzed over platinum
single crystal surfaces.

Arrhenius plots for n-hexane reactions catalyzed over the stepped

(13,1,1) platinum surface (Hp/HC = 10; Pyor = 220 Torr).

Arrhenius plots for n-hexane reactions catalyzed over the

kinked (10,8,7) platinum surface (Hy/HC = 30, Pgor = 620 Torr).
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Figure 10:

Figure'llz

~ Figure 12:

Figure 13:

Figure 14:
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Order plots at 573-641 K for Pt(10,8,7) showing the™: =
dependencé of n-hexane hydrogenolysis ‘and arcmatization

rates on hydrogen pressure (Pyc =.20 Torr).

TEmperature dependence of the 1n1t1al select1v1t1es for

n—hexane react1ons catalyzed over Pt(lll) (HZ/HC = 30,

Peot = 620 Torr): fractional selectivities. for -

hydrogenolysis, isomerization.(2MP + 3MP), and cyclization
(MCP + Bz) are shown in the upper frame; Kinetic selectivities

for 2MP/3MP and Bz/MCP are shown in the_ lower frame.

Temperature dependence of the'initial.kihetic selectivities
for Bz/MCP (upper.frame).and,ZMR/3MP,(lower frame) determined
for n-hexane reactions catalyzed_over.platinum single crYstal

surfaces (Hp/HC = 10, Pgot = 220 Torr). = -

Fission parameters determlned as a functlon of reaction
temperature for n—hexane hydrogenoly51s catalyzed over platlnum

single crystal surfaces (H2/HC = 10 Peot = 220 Torr) .

Fission parameters determined as a function of reaction
temperature for n-hexane hydrogenolysis catalyzed over Pt(1l1)
showing the dependence of hydrogenolysis selectivity on

hydrogen pressure (Pyc = 20 Torr) .



Figure 15:

Figure 16:

Figure 17:

 ‘Figure 18:

Figure 19:
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Auger'spectra recorded after n-hexane reaction studies

catalyzed over Pt(100) at 573 and 673 K.

Temperature dependence of thé C73/Pt37 AES peak-to-
peak height ratio measured following n-hexane reaction

studies on platinum single crystal surfaces.

Arrhenius plot for n-hexane dehydrogenation catalyzed over

platinum single crystal surfaces (Hp/HC = 10, Pror = 220 Torr).

The initial rates shown are lower limits to the absolute rates
which could not be accurately determined due to thermodynamic

constraints.

Structure dependence of n-hexane Cs-cyclization and aramatization

 rates on platinum single crystal surfaces with different

crystallographic orientation (at 573 K, Hp/HC = 10, Peor =

220 Torr) .
Atomic Structures for ethylidyne, propylidyne, and butylidyne

chemisorbed on Pt(111) (54).
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